Background Preservation of limb function after resection of malignant bone tumors in skeletally immature children is challenging. Resection of bone sarcomas and reconstruction with an allograft in patients younger than 10 years old is one reconstructive alternative. However, long-term studies analyzing late complications and limb length discrepancy at skeletal maturity are scarce; this information would be important, because growth potential is altered in these patients owing to the loss of one physis during tumor resection. Questions/purposes At a minimum followup of 10 years after reconstructions in children younger than 10 years of age at the time of reconstruction, we asked what is (1) the limb length discrepancy at skeletal maturity and how was it managed; (2) the risk of amputation; (3) the risk of allograft removal; and (4) the risk of second surgery resulting from complications? Methods Between 1994 and 2006, we performed 22 bone allografts after bone sarcoma resections in children younger than 10 years of age. Of those, none were lost to followup before the minimum followup of 10 years was reached, and an additional six had died of disease (of whom three died since our last report on this group of patients), leaving 16 patients whom we studied here. Followup on these patients was at a mean of 13.5 years (range, 10-22 years). During the period in question, no other treatments (such as extendible prostheses, amputations, etc) were used. The mean age at the time of the original surgery was 7 years (range, 2-10 years), and the mean age of the 16 alive patients at last followup was 20 years (range, 15-28 years). This series included 10 boys and six girls with 14 osteosarcomas and two Ewing sarcomas. Ten reconstructions were performed with an intercalary allograft and six with an osteoarticular allograft. The growth plate was uninvolved in three patients, whereas in the remaining 13, the growth plate was included in the resection (seven intercalary and six osteoarticular allografts). Limb length discrepancy at skeletal maturity was measured with full-length standing radiographs, and data were collected by retrospective study of a longitudinally maintained institutional database. The risk of amputation, allograft removal, and secondary surgery resulting from a complication was calculated by a competing-risk analysis method. Results We observed no limb length discrepancy at skeletal maturity in the three patients with intercalary resections in whom we preserved the physes on both sides of the joint (two femurs and one tibia); however, one patient developed malalignment that was treated with corrective osteotomy of
managed; (2) the risk of amputation; (3) the risk of allograft removal; and (4) the risk of second surgery resulting from complications? Methods Between 1994 and 2006, we performed 22 bone allografts after bone sarcoma resections in children younger than 10 years of age. Of those, none were lost to followup before the minimum followup of 10 years was reached, and an additional six had died of disease (of whom three died since our last report on this group of patients), leaving 16 patients whom we studied here. Followup on these patients was at a mean of 13.5 years (range, 10-22 years). During the period in question, no other treatments (such as extendible prostheses, amputations, etc) were used. The mean age at the time of the original surgery was 7 years (range, 2-10 years), and the mean age of the 16 alive patients at last followup was 20 years (range, 15-28 years) . This series included 10 boys and six girls with 14 osteosarcomas and two Ewing sarcomas. Ten reconstructions were performed with an intercalary allograft and six with an osteoarticular allograft. The growth plate was uninvolved in three patients, whereas in the remaining 13, the growth plate was included in the resection (seven intercalary and six osteoarticular allografts). Limb length discrepancy at skeletal maturity was measured with full-length standing radiographs, and data were collected by retrospective study of a longitudinally maintained institutional database. The risk of amputation, allograft removal, and secondary surgery resulting from a complication was calculated by a competing-risk analysis method. Results We observed no limb length discrepancy at skeletal maturity in the three patients with intercalary resections in whom we preserved the physes on both sides of the joint (two femurs and one tibia); however, one patient developed malalignment that was treated with corrective osteotomy of the tibia. The remaining 13 patients developed limb length discrepancy as a result of loss of one physis. Seven patients (four femurs, two tibias, and one humerus) developed shortening of # 3 cm (mean, 2.4 cm; range, 1-3 cm) and no lengthening was performed. Six patients developed > 3 cm of limb discrepancy at skeletal maturity (all distal femoral reconstructions). In four patients this was treated with femoral lengthening, whereas two declined this procedure (each with 6 cm of shortening). In the four patients who had a lengthening procedure, one patient had a final discrepancy of 4 cm, whereas the other three had equal limb lengths at followup. The risk of amputation was 4% (95% confidence interval [CI], 0-15) and none occurred since our previous report. The risk of allograft removal was 15% (95% CI, 1-29) and none occurred since our previous report on this group of patients. The risk of other operations resulting from a complication was 38% (95% CI, 19-57). Eleven patients underwent a second operation resulting from a complication (three local recurrences, five fractures, one infection, one nonunion, and one tibial deformity), of which three were performed since our last report on this group of patients. Conclusions Limb length inequalities and subsequent procedures to correct them were common in this small series of very young patients as were complications resulting in operative procedures, but overall most allografts remained in place at long-term followup. In skeletally immature children, bone allograft is one alternative among several that are available (such as rotationplasty and endoprosthesis), and future studies with long followup may be able to compare the available options with one another. Level of Evidence Level IV, therapeutic study.
Introduction
Preservation of limb function after resection of malignant tumors in skeletally immature children is challenging [1, 9, 11, 12, 21, 25, 30] . Surgical options for this specific population have evolved from amputation and rotationplasty to limb salvage with endoprosthesis reconstruction and biologic (allograft and vascularized fibula) or expandable prostheses in the last decade [12, 13, 16, 20, 25] . Although allograft reconstructions are a valid option for reconstruction in skeletally immature patients, the complications are reported to be higher than in the adult population [3] . In addition, the complication of limb length discrepancy at skeletal maturity related to the loss of a physis often cannot be avoided [25] .
Some short-and midterm results of allograft reconstructions have been reported [3, 6, 7, 10] , but those analyzing only reconstruction in children younger than 10 years old are scarce [11, 30] . Although we previously reported on complications resulting in second operations that are to be expected in children [22] , we showed that this type of reconstruction resulted in acceptable function in four of 18 surviving patients with a minimum followup of 2 years; however, evaluation of these patients with longer followup has not been reported. The longer term complications such as the final limb length discrepancy at skeletal maturity were not included in our previous study.
We therefore sought to determine whether this type of reconstruction allows acceptable limb function in patients with malignant tumors followed for $ 10 years. To address this issue, we looked at the longer term followup of these patients and asked the following questions: what is (1) the limb length discrepancy at skeletal maturity and how was it managed; (2) the risk of amputation; (3) the risk of allograft removal; and (4) the risk of second surgery resulting from complications?
Patients and Methods
Between 1994 and 2006, we performed 22 bone allografts after bone sarcoma resections in children younger than 10 years of age (Table 1) . Of those, none were lost to followup before the minimum followup of 10 years was reached, and an additional six had died of disease (of whom three died since our last report on this group of patients), leaving 16 patients whom we studied here. Followup on these patients was at a mean of 13.5 years (range, 10-22 years). During the period in question, no other treatments (such as extendible prostheses, amputations, etc) were used. The mean age at the time of the original surgery was 7 years (range, 2-10 years), and the mean age of the 16 surviving patients at last followup was 20 years (range, 15-28 years). This series included 10 boys and six girls who had a diagnosis of osteosarcomas in 14 and Ewing sarcoma in two. Ten reconstructions were performed with an intercalary allograft and six with an osteoarticular allograft. The growth plate was unaffected by the procedure in three of the patients with intercalary reconstruction, whereas in 13, the growth plate was compromised after resection and reconstruction.
Surgical treatment consisted of wide resection of primary bone sarcoma and the resulting bony defect was reconstructed with a fresh-frozen structural allograft. The type of reconstruction included intercalary and osteoarticular allografts. All allografts were harvested and packaged under sterile conditions and stored frozen at -80°C in the bone bank that is established at the authors' institution according to a technique that has been previously described [22] . No attempt was made to preserve the viability of the articular cartilage, and we performed bacteriologic and viral studies in accordance with the recommendations of the American Volume 476, Number 3
Allografts Reconstructions in Children 549 Association of Tissue Banks and the tests available at the time. After tumor resection, the grafts were taken out of their packaging and placed directly in a warm normal saline solution. After being thawed, we cut the donor bone to the proper length and soft tissue structures were prepared for implantation. If the epiphysis was removed with the tumor resection, the joint was reconstructed by attaching the ligaments to the corresponding allograft tissues to improve stability. Reattachment of the allograft ligamentous tissue to the host tissue was performed using a direct continuous suture. A transverse osteotomy was performed in every patient and rigid fixation was used for stabilization. In patients in whom a growth plate would be sacrificed with resection, we attempted to overlengthen by placing an allograft that was 1 to 2 cm longer than the resected bone segment to potentially compensate for future limb length discrepancy. Survivorship of the allograft free from revision or amputation was calculated at 10 years using a competing-risks survivorship estimator procedure [27] . Data were drawn from a longitudinally maintained institutional registry and supplemented by in-office and telephone interviews to ascertain fractures, local recurrence, infection, and nonunion. Orthopaedic surgeons (LAA-T, GLF) who were involved in the clinical care interviewed patients by telephone or at their latest followup. At the latest followup, none of the surviving 16 patients was lost to followup and all patients reached skeletal maturity (Table 1) . Limb length discrepancy at skeletal maturity was measured with full-length standing radiographs (Fig. 1) , and data were collected by retrospective study of a longitudinally maintained institutional database. Lengthening was performed when the limb length discrepancy was > 3 cm and at least 4 years free of disease. Because all the patients whose limbs were elongated were patients with allografts of the distal femur (Fig. 1A) , the bone was lengthened in the proximal part of the femur with a monolateral frame and to control the alignment during distraction, an intramedullary nail was used to avoid compromising the allograft. When the final planned length was obtained, the nail was locked and the external fixator was removed (Fig. 1B) .
The risk of amputation, allograft removal, and secondary surgery resulting from a complication was calculated by a competing-risks analysis method [27] with limb salvage reconstruction censored at the time of failure or last followup (Fig. 2) . The statistical analysis was performed using R programming language (R Foundation for Statistical Computing, Vienna, Austria) [27] .
Results
We observed no limb length discrepancy in the three patients who had their growth plates preserved (two femurs and one tibia); however, one patient developed malalignment that was treated with corrective osteotomy of the tibia. The remaining 13 patients developed limb length discrepancy as a result of loss of one growth plate. We did not perform epiphyseodesis in any of these patients. Seven patients (four femurs, two tibias, and one humerus) developed shortening of # 3 cm (mean, 2.4 cm; range, 1-3 cm) and no lengthening was performed. Those patients were managed with a shoe lift. Six patients developed > 3 cm of limb discrepancy (all distal femoral reconstructions) (Fig. 1A) . In four patients femoral lengthening was done (Fig. 1B) , whereas two declined this procedure (each with 6 cm of shortening). In the four patients who underwent a lengthening procedure, one patient had a persistent discrepancy of 4 cm, whereas the other three had equal limb lengths at last followup.
Survivorship free from amputation was 96% (95% confidence interval [CI], 85%-100%) with a risk of amputation of 4% (95% CI, 0-15) (one amputation out of 22 patients). The cause for this amputation was local recurrence and it was described in the previous report [22] .
Survivorship free from allograft removal was 85% (95% CI, 71-99). In these four patients, the allografts were removed and were described in the previous report (one infection, one local recurrence, and two fractures) [22] .
The risk of a second operation resulting from a complication was 38% (95% CI, 19-57) (11 second operations out of 22 patients). Eleven patients underwent a second procedure as a result of a complication. Four allografts were removed and were previously reported; no further allograft removals occurred in this group of patients. Seven patients had revision of the allograft but the allograft was preserved. The procedures included two soft tissue resections for local recurrence, three fractures (two articular fractures and one diaphyseal), one nonunion, and one tibial deformity. The two local recurrences were in soft tissue with no contact with the reconstructions and were resected with wide margins maintaining the original allograft. In the three patients with fractures, one articular fracture was treated with a conventional hip prosthesis, whereas the other was treated with an ankle arthrodesis; a patient with a diaphyseal fracture was treated with revision of the internal fixation and two allograft struts were used to reinforce the original allograft. In the patient with a diaphyseal nonunion, a single operation was performed in which the internal fixation was replaced and an autogenous graft was added to the site, resulting in union at the host-donor junction. The tibial deformity was treated with an open-wedge osteotomy.
One of the 16 patients (Patient 5, Table 1 ) developed a second sarcoma in the scapula (Ewing sarcoma) 11 years after an osteosarcoma of the distal femur. After neoadjuvant chemotherapy, the scapula was resected with no further reconstruction. One year after ending chemotherapy, pulmonary metastases were detected, and the patient Volume 476, Number 3
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is actually undergoing chemotherapy with evidence of disease.
Discussion
Preservation of limb function after resection of malignant tumors in skeletally immature children is challenging.
Previously, we reported that resection of bone sarcomas and reconstruction with an allograft in patients younger than 10 years old was an alternative to endoprosthesis, rotationplasty, or amputation [22] . The procedure had acceptable results regarding allograft survival and functional scores. However, long-term studies analyzing late complications and final limb length discrepancy in those patients in whom growth potential was altered as a result of the loss of one physis during tumor resection are scarce [11, The postoperative AP radiograph of both limbs 10 years after original resection of the osteosarcoma and 3 years after distraction osteogenesis was performed in the proximal femur. The proximal and distal segments of the femur were stabilized with an intramedullary nail and elongated using a monolateral external fixator.
29]
. Therefore, we studied our long-term results in these patients that were previously reported analyzing late complications and limb length discrepancy at skeletal maturity. The limitations of this study include the small number of patients and the lack of a comparison with other types of reconstructions. However, because the incidence of bone sarcomas is low, it is difficult for a single center to accumulate a large number of patients to do a study such as this. We do, however, have substantial followup of these patients and the ability to carefully analyze issues of limb length inequality, which have been lacking in other published studies. Another limitation is that we included patients with tumors in different bones including the femur, tibia, and humerus so that the impact of limb length discrepancy differed depending on the site of resection. Obviously limb length is more of an issue in the lower extremity than the upper extremity so we only needed to surgically correct discrepancies in the femur. Another limitation is that surgeons involved in treating the patients were involved in reviewing their own work; however, we believe that the endpoints in question were pretty clearlimb length discrepancy, amputation-and so the risk of bias seems low. Finally, no patient-reported or validated outcomes tools are reported here, and without those, it is impossible to know the quality of life of these patients or how well they function. Despite that, the long-term results of objective data such as amputation, survival of reconstruction, and shortening make these results possible to compare with other types of reconstruction such as endoprosthesis and rotationplasty in future studies.
In our series, six of 13 patients who lost one physis developed > 3 cm of limb discrepancy (all distal femoral reconstructions); in four patients, femoral lengthening was done, whereas two refused this procedure (each with 6 cm of shortening). In one of the four patients who had lengthening, 4 cm of discrepancy persisted, whereas in the other three, the discrepancy was solved. Final limb length discrepancy at skeletal maturity is usually described as a major concern in young children in whom limb salvage procedures are performed in the lower limb [1, 12, 21, 25, 30] . Although epiphyseodesis is an alternative to lengthening [25, 29] , we did not perform this on any of our patients. Patients with limb discrepancies in the upper extremity did not undergo any surgical treatment, because this is more of a cosmetic rather than a functional problem in the upper extremity [29] . Although rotationplasty [15] is an option is this specific population, Benedetti et al. [5] described that excessive residual thigh-shank length in adult patients might lead to consideration of contralateral lengthening to improve functional results in some patients undergoing rotationplasty. Expandable prostheses have been developed to solve the problem of limb length discrepancy [2, 17, 24, 27] ; however, recent publications showed high revision rates [8, 28] and subsequent bone loss [8] . Also, around the knee, the adjacent growth plate must be crossed with a metal stem potentially altering growth in two epiphyses. Ruggieri et al. [28] analyzed 32 children with a mean age of 9 years with bone sarcomas of the femur treated with limb salvage using expandable prostheses. Three of the nine children who reached skeletal maturity had limb length equality and six had discrepancies of 15 to 30 mm. However, the rate of implant-related complications was 51% at a mean followup of 49 months. Cipriano et al. [8] analyzed 10 patients (mean age, 10 years) with distal femoral osteosarcoma using an Repiphysis® (Wright Medical Technology, Inc, Memphis, TN, USA) extendible prosthesis and found that bone loss around the stem of this prosthesis limits subsequent revision options, often resulting in a total femoral prosthesis. Neel et al. [23] described that implantation of a smooth, press-fit stem through the central portion of the uninvolved adjacent physis does not result in growth retardation or arrest; however, Arteau et al. [4] found that 15 of 23 (65%) of the immature patients reconstructed with a prosthesis of the distal femur experienced less proximal tibial growth in the operative compared with the contralateral limb. Biologic reconstruction has been described in children [3, 6, 7, 10, 14, 16, 18, 19] , but there are only a few reports in children younger 10 years old that analyzed limb length discrepancy [11, 29] . Futani et al. [11] analyzed 33 patients in a multicentric retrospective study (22 who had endoprosthetic reconstruction [expandable and conventional endoprostheses] and 11 who had biologic reconstruction [allograft, vascularized fibula, and distraction osteogenesis]) with a mean age of 10 6 1 years at the time of diagnosis and 22 6 4 years at the time of latest followup. Nineteen (58%) patients had a limb lengthening procedure (12 endoprosthetic reconstruction and seven biologic reconstruction). Of the remaining 14 patients, eight preferred not to undergo limb lengthening, five needed an amputation, and one had a limb length discrepancy of < 2 cm. At the time of final followup, a limb length discrepancy of $ 2 cm was present in 15 of the patients who had lengthening and in eight others who had not had lengthening. SanJulian et al. [29] described 40 children younger than 10 years old with a minimum followup of 5 years; 31 of these patients had their limbs reconstructed after resection with allografts in 24 and with an endoprosthesis in seven. Lengthening was performed when limb length discrepancy was > 4 cm and patients were at least 3 years free of disease. They found that the most problematic location regarding ultimate growth was the distal femur. In our series, the risk of amputation was 4% (95% CI, 0%-15%) and it was related to local recurrence. The only infection in our series was managed with resection of the reconstruction, a cemented spacer with antibiotics, and a second reconstruction. The main causes of amputation in limb salvage surgery are local recurrence and infection. A multiinstitutional report [11] described a 15% amputation rate in children younger than 10 years old with a total success rate for limb salvage of 85%, a success rate of 91% for the endoprosthetic reconstructions, and 73% for the biologic reconstructions. San-Julian et al. [29] reported four amputations in 40 patients younger than 10 years old with bone sarcomas as a result of three local recurrences and one infection.
The survivorship free from allograft removal was 85% (95% CI, 71-99) in the current review of our patients. These were the result of infection in one patient, local recurrence in another, and two patients had fractures of their allograft. Futani et al. [11] found a limb survival reconstruction rate of 77% (95% CI, 60%-95%) at 5 years and 51% (95% CI, 29%-73%) at 10 years for endoprosthetic reconstructions and 46% (95% CI, 16%-75%) at both 5 and 10 years for the biologic reconstructions. Interestingly, they found similar survival rates for both types of reconstructions at 10 years.
The survivorship free of a second surgery resulting from a complication was 62% (95% CI, 43%-81%) in our series. We observed that the new complications such as fractures and malalignment observed with longer followup could be solved without resection of the original allograft. SanJulian et al. [29] described 14 complications (four infections, four fractures, four nonunions, and two local recurrences) in 24 biologic reconstructions in children younger than 10 years old, although their minimum followup was 5 years. Futani et al. [11] found in their series that at 10 years, the rate of complications increased to 69% (95% CI, 47%-91%) for the endoprosthetic reconstruction group and to 86% (95% CI, 63%-109%) for the biologic reconstruction group. Cipriano et al. [8] described in 10 patients reconstructed with expandable prostheses 37 implant-related complications resulting in a total of 15 reoperations. Picardo et al. [26] described 16 of 55 patients (29%) reconstructed with expandable prostheses with complications; however, only 10 children (18.2%) underwent 11 revisions for complications, three for gearbox failure, four for subluxation of the femoral head, two for periprosthetic fracture, and two for infection.
In conclusion, limb length inequalities and subsequent procedures to correct them were common in this small series of very young patients as were complications resulting in revision operations, but overall most allografts remained intact at long-term followup. We consider allograft reconstruction after sarcoma resection an appropriate reconstructive procedure in selected skeletally immature children and it may be a reasonable option to consider as an alternative to rotationplasty or endoprosthesis in some patients. Future studies with long followup are needed to compare the available options with one another.
